INTRODUCTION 4 6
Exploring burying behaviours in fishes provides insight into the relationships between shape, 4 7 function, sediment dynamics and performance used for crypsis and station holding in a benthic, 4 8 aquatic environment. Although our understanding of the diversity in the mechanisms used by 4 1 0 1 Data collection 1 0 2 A separate rectangular tank with dimensions 75 cm length x 32 cm width x 46 cm height was 1 0 3 used for experimentation; water chemistry and temperature were the same as the holding tank. 1 0 4
Aquarium substrate, with a maximum grain diameter of 1 mm (Crystal River Sediment, 1 0 5
CaribSea, Fort Pierce, Florida, USA), was evenly spread across the bottom of the tank, at a 1 0 6 depth of 7 cm. An individual ray was transferred to the experimental tank via a rubber mesh 1 0 7 net. Burying behaviours were captured using three cameras filming at 120 fps at 720p (Hero3 1 0 8
Black, GoPro Inc, San Mateo, California, USA), one filming from the dorsal view and two filming 1 0 9 across the substrate from each end of the tank. A measuring stick was placed on the bottom of 1 1 0 the tank to calibrate the camera from the dorsal view, whereas measuring sticks were placed 1 1 1 vertically at four different locations along the length of the tank and a linear regression relating 1 1 2 distance from the camera to the filming location was used to calibrate cameras filming along the 1 1 3 substrate of the tank. A pair of light emitting diodes attached to a plastic pipe submerged in the 1 1 4
tank was used to synchronize the cameras immediately after the burying event was performed. 1 1 5
A total of 20 responses were collected; each fish performed 5 burying events. The four stingrays 1 1 6
were rotated into the experimental tank throughout the study, such that only a single burying 1 1 7 event was recorded from an animal before it was placed back into the holding tank and another 1 1 8
animal moved into the experimental tank. 1  2  3 and Stamhuis, 2014) was used to describe the dynamics of sediment movement during 1 2 4
burying. From the anterior view, 10 burying events, where the head of the ray was oriented 1 2 5 toward the camera, were analysed to explore the pattern of the displacement of the sediment 1 2 6 granules from underneath the disc onto the dorsal surface. As the sediment moved across the 1 2 7 dorsal surface, maximum speed and direction of the sediment flow was determined frame-by-1 2 8 frame in two-dimensions from the dorsal view for all 20 burying events, starting when the 1 2 9 sediment moved from the pectoral fins towards the midline, and ending when the sediment 1 3 0 reached the midline or when the ray came to a rest (i.e. if the sediment did not reach the 1 3 1 midline). The 10 most rapid measures of sediment speed for each burying event were 1 3 2 averaged and this average was used as sediment speed for statistical analysis. For both dorsal 1 3 3
and anterior view analysis, the exposed body of the ray was masked for each frame such that 1 3 4
PIV was measuring only sediment flow and not movement of the body (Fig. 1 & 2) . 1 3 5
Furthermore, any air bubbles present in the video frames were masked so they did not interfere 1 3 6
with PIV. Three passes were conducted on the videos: one with 64x64 pixel windows, one with 1 3 7 32x32, and one with 16x16. Increasing the interrogation area with a fourth pass of 128x128 1 3 8 pixel windows did not yield different results in 5 videos analysed, and decreasing the 1 3 9
interrogation area with a fourth pass of 8x8 pixel windows was too small relative to the size and 1 4 0 displacement of the sediment particle, yielding substantial noise in the data. 1 4 1 Kinematics 1 4 2 Digital video images were analysed using ImageJ. Using images from the camera filming an 1 4 3 anterior view of the ray along the substrate, the location of an eye was tracked for successive 1 4 4 frames to investigate the kinematics of the down-up pumping motions (i.e. oscillations) exerted 1 4 5 by the body along the vertical axis relative to the substrate. The number of body pumps was 1 4 6 defined as the number of down-up oscillations during the burying event. The oscillations of the 1 4 7 body were not symmetrical, and therefore, the downward motions were defined as a push (i.e. 1 4 8 toward the substrate), whereas the upward motions were defined as a pull (i.e. away from the 1 4 9 substrate), and displacement and speed for pushing and pulling motions were calculated 1 5 0
separately. Displacement was defined as the cumulative change in the vertical position of the 1 5 1 eye for a given push or pull, and the maximum and average displacement of the body pumping 1 5 2 motions throughout burying were measured. Speed was calculated using the two-dimensional 1 5 3 change in the vertical position of the eye over time between successive frames, and the 1 5 4
average speed of the body pumping motions were measured in addition to the maximum speed. 1 5 5
The onset of the body pumping motions (always a push) was defined as the point at which push 1 5 6
speed was 10% of the maximum of the initial push speed. Average body-pump frequency was 1 5 7 defined as the total number of oscillations divided by the duration (in seconds) of these 1 5 8
oscillations. Body pumping often began before motion of the pectoral fins, and therefore, the 1 5 9
body pump oscillations that were performed during the finbeats were selected to evaluate the 1 6 0 relationship between body pump frequency and finbeat frequency, defined below. 1 6 1 1 6 2
As P. motoro buried, the pectoral fins rapidly and repeatedly folded up and over, and the three-1 6 3 dimensional bending during burying events appeared far more complex than what has been 1 6 4 described for routine swimming (Blevins and Lauder, 2012) . We anticipated that the lateral 1 6 5 motion of the fins towards the sagittal midline would most impact the two-dimensional speed of 1 6 6 sediment as it moved across the dorsal surface. Hence, analysis of fin motions was simplified 1 6 7
to only two dimensional movements as measured from the dorsal view, whereby the length of a 1 6 8 line transecting the centre of the disc from the lateral edge of the dextral fin to the lateral edge of 1 6 9
the sinistral fin was measured for successive frames and used as a proxy for the displacement 1 7 0 and speed of fin movement. Finbeats were assessed until the fins either came to rest or the 1 7 1 lateral edges of the fins were covered by substrate. The number of finbeats was defined as the 1 7 2 number of oscillations of the fins folding over towards the sagittal midline, and then recovering 1 7 3
to the original position, during a burying event. The average finbeat frequency was defined as 1 7 4 the number of oscillations divided by the duration of these oscillations. Finbeat displacement 1 7 5 was defined as the cumulative two-dimensional change in length of the line from fin tip-to-tip, 1 7 6 and the maximum and average displacements of the finbeats throughout the burying event were 1 7 7 measured. Finbeat speed was calculated using the two-dimensional change in length of the line 1 7 8
from tip-to-tip between successive frames, and the maximum and average speed of the finbeat 1 7 9
motions towards the midline were measured. Displacement and speed values were divided by 1 8 0 two, to provide values that were associated with one fin, and the onset of finbeat motions was 1 8 1 defined as the point where finbeat speed was 10% of the maximum for the initial finbeat speed. the displacement of the eye from its resting position immediately before burying commenced, to 1 8 7 its position after the burying event occurred or when the eye was covered by substrate. 1 8 8
Sediment coverage of the ray, from the dorsal view, was measured to compare the extent of 1 8 9
burying of the head, body, fins and tail, and the effects of body kinematics on extent of 1 9 0 coverage. From the dorsal view, a grid was created using ImageJ over the animal at rest before 1 9 1 burying motions began, to define the surface area covered by sediment of different locations on 1 9 2 the disc (Fig. 3) . The outline of the ray was traced, and then points were marked around the 1 9 3 lateral edge, separated by 30 degrees relative to the centre of the disc, starting from the 1 9 4
rostrum, which was defined as 0 degrees. Then, anteroposterior and lateral transects were 1 9 5 created to connect the points directly across from one another, creating a grid over the dorsal 1 9 6
surface. Furthermore, the tail was divided into proximal (i.e. tail base proximal to the stinger) 1 9 7
and distal (i.e. tail tip from the stinger outward) locations. This grid defined 18 different locations 1 9 8
on the dorsal surface of the pectoral disc and tail (Fig. 3) . The grid was then placed over the 1 9 9
image of the animal once the burying event was completed, using the location of the eyes and 2 0 0 the tail as a reference, which remained recognizable even when the rest of the ray was fully 2 0 1 buried. For each location in the grid, the surface area covered by sediment was measured after 2 0 2
burying. The percent of sediment coverage for each location was defined as the surface area of 2 0 3 the location covered divided by the total surface area of that location, multiplied by 100. 2 0 4
Additionally, the total sediment coverage of the ray (i.e. pectoral disc and tail) was defined as 2 0 5 the sum of the amount of surface area covered for each location divided by the total surface 2 0 6 area of the pectoral disc, multiplied by 100. 2 0 7
Statistical analysis 2 0 8
All statistical analyses were performed using R software and accounted for repeated measures 2 0 9 (R Development Core Team, 2008) . A linear regression was used to test the relationship of 2 1 0 sediment speed and sediment coverage. Data of sediment coverage was transformed using the 2 1 1 arcsine of the square root of the percentage prior to statistical analysis. Linear regressions 2 1 2
were also used to test the relationship between the frequency of the body pump and finbeat 2 1 3 motions, and the impact of the following measures on sediment speed: number of finbeats, 2 1 4 number of body pumps, average finbeat frequency, average body-pump frequency, maximum 2 1 5
and average displacement and speed of the finbeats and the push and pull of the body 2 1 6
pumping. Furthermore, linear regressions were used to test the relationship of burying depth 2 1 7
and duration on sediment coverage. Moreover, a one-way ANOVA and Tukey HSD Post-Hoc 2 1 8
Test was used to test for differences in sediment coverage of the different individuals, in 2 1 9
addition to the different locations of the pectoral disc. To bury, P. motoro repeatedly pumped the body up and down as the pectoral fins folded up and 2 2 4 over (Fig. 1) . The body pumping appeared to draw water beneath the rostrum and into the 2 2 5 space between the body and substrate as the anterior portion of the pectoral fins pressed into 2 2 6 the substrate, indicated by movement of sediment being sucked towards the rostrum (Fig. 2) . 2 2 7
The flow and pumping motions suspended sediment beneath the pectoral disc, and the 2 2 8 movement of the fins generated and directed vortices of suspended sediment along the ventral 2 2 9
surface of the fins as they were lifted. The vortices moved toward the fin tips, and then over and 2 3 0 onto the dorsal surface of the body as the fins were depressed again, shedding the vortices of 2 3 1 sediment over the dorsal surface of the body toward the midline where the sediment then 2 3 2 settled. These patterns of sediment flow were resolved using video images and particle 2 3 3 velocimetry analysis from both anterior and dorsal views. 2 3 4
From the anterior view, P. motoro lifted the sediment as vortices along the ventral surface of the 2 3 5
pectoral fins, such that a circular, rotating mass of sediment particles translated in the same 2 3 6 direction as the movement of fins, while the particles rotated in a direction counter to the dorso-2 3 7 medial movement of the tips of the fins (Fig. 1) . The vortices then rolled over the tips of the fins 2 3 8 as the fins were depressed, and were shed across the dorsal surface where they dissipated. 2 3 9
The fins subsequently recovered into the original position by rolling the tips away from the body 2 4 0 midline, laterally and downwards along the dorsal surface of the fish, so that the fin tips were 2 4 1 maintained in close proximity to the dorsal surface and thus moved underneath the suspended 2 4 2 sediment during the recovery stroke. In 5 of the trials, from the anterior view, the sediment 2 4 3 vortices that were shed from the two fins collided over the dorsal midline of the fish, where they 2 4 4 annihilated and upward vertical jets of sediment were produced as a result, before the sediment 2 4 5 settled onto the dorsal surface (Fig. 1) . From the dorsal view, the sediment was shed primarily 2 4 6 along the region of the pectoral fins approximately posterior to the eye and anterior to the tail, in 2 4 7 a lateral direction towards the longitudinal midline (Fig. 2) . The velocity profiles suggest the 2 4 8 sediment settled first onto the fins, and then onto the body (Fig. 3) . In the 5 trials where the 2 4 9 sediment shed from each fin collided along the midline, immediately following collision jets of 2 5 0 high sediment velocity were created in the anteroposterior direction, resulting in sediment 2 5 1 moving toward the head and the tail base, well anterior and posterior to the initial vortices of 2 5 2 sediment that were shed over the dorsal surface by the fins (Fig. 2 ). 2 5 3 2 5 4
Kinematics, sediment speed and performance 2 5 5
The mean sediment coverage of all burying events was 82.5% ± 3.0 S.E.M, and ranged from 2 5 6 60.4 to 98.1 % (Fig. 4) . The posterior portion of the pectoral fins, which were those involved in 2 5 7 the finbeats (location 5, 8, 9, 12, 13 and 16) , were covered more than the fins anterior to the eye 2 5 8
(location 1 and 4), the head (location 2 and 3), the body (location 6, 7, 10 and 11) and the tail 2 5 9 base and stinger (location 17 and 18) ( Fig. 3 & Table 1 ). The fins anterior to the eye, the body, 2 6 0 and the tail base were covered more than the head and the stinger of the tail. The head was 2 6 1 covered more than the stinger of the tail. Sediment coverage was significantly greater in ray 1 2 6 2 and 2 when compared to ray 4; otherwise, mean sediment coverage was not statistically 2 6 3 different between individuals (1 vs 2, p = 0.216; 1 vs 3, p = 0.1; 1 vs 4, p < 0.001; 2 vs 3, p = 2 6 4 0.969; 2 vs 4, p = 0.0284; 3 vs 4, p = 0.0678) (Fig. 4 ). 2 6 5 2 6 6
Body pumping motions were often initiated before finbeat motions (65% of trials). As the 2 6 7 frequency of the body pumping increased, frequency of the finbeats also increased (p < 0.001; 2 6 8 Fig. 5 ), and the slope of the relationship between these parameters was not different than 1, 2 6 9
indicating these motions occurred in synchrony and suggesting coordination of sediment 2 7 0 fluidization beneath the body and the movement of that sediment by the fins onto the dorsal 2 7 1 surface. The body pump and finbeat motions were coordinated such that maximum finbeat 2 7 2 speed and maximum body-pull speed were closely aligned, as determined from the measured 2 7 3 time course of these movements, whereas maximum body-push speed occurred during the 2 7 4 recovery stroke of the fins. It was anticipated that the vigor of the body and fin motions should 2 7 5
relate to the extent of sediment movement, and so relationships between displacement, speed 2 7 6
and frequency of body and fin movements and sediment movement were explored. The 2 7 7 number of body pumps (p = 0.644) and finbeats (p = 0.677), and the average body pump 2 7 8 frequency (p = 0.072) and finbeat frequency (p = 0.0763), did not significantly impact the speed 2 7 9
of the sediment as it moved towards the midline of the fish (Fig. 5) . Conversely, as the 2 8 0 maximum and average displacement of the body push (p < 0.001 & p < 0.001, respectively), 2 8 1 body pull (p < 0.001 & p < 0.001, respectively), and maximum and average speed of body push 2 8 2 (p < 0.001 & p < 0.001, respectively) and body pull (p < 0.001 & p < 0.001, respectively) 2 8 3 increased, sediment speed increased (Fig. 6 ). Repeated measures of individuals influenced the 2 8 4 positive relationship between the average pull displacement and sediment speed; ray 2 and 3 2 8 5
individually showed a positive relationship between the two parameters, whereas ray 1 and 4 2 8 6
individually showed no significance. Moreover, as the maximum and average speed of finbeats 2 8 7
(p < 0.001 & p < 0.001, respectively) and finbeat displacement (p < 0.001 & p = 0.00202, 2 8 8 respectively) increased, sediment speed increased (Fig. 7) . Furthermore, as sediment speed 2 8 9
increased, sediment coverage of the dorsal surface increased (p < 0.001; Fig. 8 ). Moreover, 2 9 0 burying duration did not have an impact on sediment coverage (p = 0.572), and as burying 2 9 1 depth increased the extent of sediment coverage increased (p < 0.001) ( Fig. 8 ). 2 9 2 2 9 3 DISCUSSION 2 9 4
This study revealed that the mechanism of burying employed by P. motoro permits effective 2 9 5 control of sediment vortices and flows to modulate the extent of burying. Rather than digging, 2 9 6 the downwards-pushing and upwards-pulling movement of the body of P. motoro, coupled with 2 9 7 movement of the pectoral fins including around the rostrum to form and release a seal along the 2 9 8 substrate, functioned like a piston with valves to control the flow of water and generate changes 2 9 9
in pressure that fluidized and suspended sediment beneath the ray. As the fins folded up and 3 0 0 over, vortices of sediment were elevated upwards and along the ventral surface of the fins, 3 0 1 transferred across the lateral edge of the fins toward the dorsal surface, and then were shed 3 0 2 medially where they dissipated over the dorsal side of the fish, as the fins then moved under the 3 0 3 vortices of sediment and recovered to the original position (Fig. 1) . In the most vigorous burying 3 0 4 events, the vortices of sediment travelled toward the dorsal midline where they collided and 3 0 5
were annihilated, resulting in jets of sediment being directed upwards along the vertical axis, 3 0 6
and forwards and backwards along the anteroposterior axis of the animal (Figs. 1 & 2) . This led 3 0 7
to near complete coverage of the ray with sediment, including the head and most of the tail 3 0 8 except for the stinger, despite only using about the posterior two-thirds of the pectoral fins to lift 3 0 9 sediment from the substrate. Following is a description of how the body and fin movements 3 1 0 appear to generate these patterns of sediment dynamics and impact the extent of burying. 3 1 1 3 1 2
The movements of P. motoro and the sediment suggest that stingrays rely on changes in 3 1 3 pressure underneath the pectoral disc, particularly suction, to fluidize sediment beneath the disc 3 1 4
and move it along the ventral surface of the fins. Water from the surrounding environment was 3 1 5 drawn into the cavity beneath the animal through suction pressure created as the body pulled 3 1 6 upwards, flowing in via a tunnel created by the ray raising the rostrum off the substrate while the 3 1 7
anterior portion of the pectoral fins maintained contact with the substrate, similar to the 3 1 8 mechanisms employed by stingrays to feed (Wilga et al., 2012) . In support of this mechanism, 3 1 9
granules of sediment near the rostrum were often observed to be sucked in under the disc as 3 2 0 the rostrum and body lifted upwards (Fig. 2) . Moreover, an increase in pressure beneath the 3 2 1
pectoral disc most likely occurred as the body subsequently pushed towards the substrate and 3 2 2 the rostrum and pectoral fins were pressed against the substrate, expelling the fluidized 3 2 3 sediment toward the lateral edges of the pectoral disc. Furthermore, the upward motion of the 3 2 4
fins generated suction along the ventral side of the fins, drawing the fluidized sediment from 3 2 5
underneath the ray and transferring it along the ventral and presumably low pressure surface of 3 2 6 the fins as vortices, similar to the appearance of hydrodynamic vortices formed and shed along 3 2 7
the trailing surface of the caudal fin during stage 1 of the C-start in fishes (Borazjani et al., 2012; 3 2 8
Tytell and Lauder, 2008) ( Fig. 1 ). 3 2 9 3 3 0 Variation in the relationships between several aspects of the kinematics, the speed of sediment 3 3 1 movement, and sediment coverage suggests that the mechanism employed by P. motoro to 3 3 2 bury can control the speed of sediment flow and thus the extent of burying. When P. motoro 3 3 3 increased the speed and displacement of the body pumping and finbeat motions, this increased 3 3 4 the speed of the sediment movement ( Fig. 6 & 7) and fluidized more sediment to increase 3 3 5 sediment coverage of the dorsal surface (Fig. 8 ). An increase in speed and displacement as the
